Interstitium contains a matrix of fibrous molecules that creates considerable resistance to water and solutes in series with the microvessel wall. On the basis of our preliminary studies (Adamson et al., 1994, Microcirculation 1(4), pp. 251-265; Fu et al., 1995 Am. J. Physiol. 269(38) 
Introduction
Various techniques were used to measure the effective diffusion coefficients of solutes such as albumin, dextrans, and immunoglobulin G ͑IgG͒ in a variety of tissue types ͓1-7͔. These approaches involved techniques such as quantitative analysis of fluorescence images collected by silicon intensifier target television tube ͓4͔ and fluorescence recovery after photobleaching ͓1,2,6͔. These were based on the two-dimensional signal information collected from the surface of the tissue sample. This information reflected an averaged tracer distribution over a depth of the tissue sample from the tissue surface including the superfusate layer. Thus, in those experiments, it was possible that errors in the measurement would occur from unmeasured changes in the solute concentration in the tissue due to nonuniformity of the tissue, and loss of tracers through the tissue surface. For example, if a tracer was lost into superfusate, the test solute could diffuse faster in the aqueous layer on the surface, or beneath the tissue, than in the tissue layer. This would cause an overestimation of the effective diffusion coefficient in the interstitial tissue space by using these techniques. In addition, these techniques would require deblurring and deconvolution to remove out-of-focus light to provide rigorously quantitative data for local intensities within the tissue, and this was rarely applied.
To overcome the aforementioned shortcomings in measuring solute tissue diffusion coefficient, on the basis of our preliminary experimental and theoretical studies ͓8,9͔, we developed a new method that determines both solute microvessel permeability and solute tissue diffusion coefficient from the rate of tissue solute accumulation and the radial concentration gradients measured around individually perfused microvessels in frog mesentery in vivo. The unique feature of our experimental design is the use of a confocal microscope to scan the tissue and the microvessel lumen to measure the local concentration of test solute within a series of tissue slices that forms the entire depth of the mesentery. This approach overcomes many limitations of previous attempts to study local microvessel and tissue transport because the relative solute concentration within small volume elements in the tissue is directly measured, allowing the solute concentration profiles at every depth within the tissue to be analyzed.
In the first approach to the problem of measuring tissue and vessel transport parameters in single perfused microvessels using quantitative laser scanning confocal microscopy, Adamson et al. ͓8͔ measured microvessel permeability ͑P͒ to small solute sodium fluorescein ͑MW= 376; Stokes radius= 0.45 nm͒ from the solute accumulation in the tissue space surrounding an individual microvessel in frog mesentery. Shortly thereafter, Fu et al. ͓9͔ developed a time-dependent diffusion wake model on the basis of the ultrastructures of the frog mesenteric microvessel wall to calculate the effective solute diffusion coefficient ͑D t ͒ from the concentration profiles around a perfused microvessel in frog mesentery, which were collected by Adamson et al. ͓8͔ using confocal microscopy. In the present study, we have combined these two studies and developed a simplified formula to determine D t from the measured P and the concentration distributions in the tissue space. We used this modified method to determine both P and D t of the fluorescently labeled larger test solute FITC-␣-lactalbumin ͑MW = 14 176; Stokes radius= 2.01 nm͒.
Materials and Experimental Methods
General Preparation. All in vivo experiments reported in this paper were performed on male leopard frogs, Rana pipiens ͑2.5-3 in. in length͒, supplied by J. M. Hazen, VT. The frog brain was destroyed by pithing, leaving the spinal cord intact. The abdominal cavity was opened and the mesentery was spread on the glass coverslip, which formed the base of the observation platform as previously described ͓8,10͔. The gut was gently pinned out against a silicon elastomer barrier to maintain the spread of the mesentery. The upper mesentery was continuously superfused with frog Ringer at ϳ20°C. This arrangement enabled observation of the microvessels in the mesentery using short-working distance oil-immersion objectives on the inverted microscope.
Venular microvessels, generally 20-50 m in diameter, were chosen for study. All vessels had brisk blood flow immediately prior to cannulation and had no marginating white cells.
Frog Ringer's solution was used for all dissections, perfusates, and the initial superfusates. The solution composition was ͑in mM͒ 111 NaCl, 2.4 KCl, 1.0 MgSO 4 , 1.1 CaCl 2 , 0.195 NaHCO 3 , 5.5 glucose, and 5.0 N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid ͑HEPES͒ and Na HEPES. The pH was balanced to 7.4 by adjusting the ratio of HEPES acid to base. The perfusate also contained bovine serum albumin ͑BSA; A4378, Sigma͒ at 10 mg/ ml. Mineral oil used for superfusate in some experiments had been previously equilibrated with frog Ringer to prevent an osmotic difference during application of the oil. Double-barreled Micropipette. Instead of using two pipettes cannulating the two arms at a Y-branched microvessel in permeability measurement ͓11-13͔, we cannulated the microvessel with a double-barreled pipette ͓Fig. 1͑b͔͒. The design of the pipette and its holder ͓Fig. 1͑a͔͒ was modified from Refs. ͓14,15͔. Briefly, a small hole was first ground in one side of a thin-walled glass pipette ͑1.5 mm outer diameter, 102 mm length, Sutter Instrument, Novato, CA͒, ϳ1.5 cm from one end, using a diamond disk ͑Rx Honing Machine, Mishawaka, IN͒. After being cleaned and dried in the same way as for general single-barreled pipettes ͑13, 16͒, the pipette was drawn using a Flaming/Brown micropipette puller ͑model P-87, Sutter Instrument, Novato, CA͒. The tip, which is ϳ8 cm from the other end of the pipette, was beveled similarly to a single-barreled pipette ͓16͔. The final tip length is from 30 to 40 m. The channel with the small ground hole on side ͑dye side͒ was backfilled with optical cement ͑Norland Optical Adhesive 63, New Brunswick, NJ͒ and cured under ultraviolet light ͑UVP, San Gabriel, CA͒ for 10-15 min. A schematic of the completed pipette is shown in Fig. 1͑b͒ . Figure 1͑a͒ shows the pipette holder used in conjunction with the pipette. Before inserting the pipette into the holder, both pipette channels were filled with perfusate solutions using 3.5 in. 30-gauge hypodermic needles ͑Hamilton, Reno, NV͒. The pipette was then inserted into the holder so that the small hole on the dye side channel ͓see Figs. 1͑a͒ and 1͑b͔͒ was aligned within the chamber between two O-rings in the holder. This arrangement allowed alternate perfusion of the cannulated vessel with a washout solution containing no fluorescent solute or the test solution containing the fluorescent solute ͑dye͒. Each channel of the pipette was connected to a water manometer, which enabled perfusion at known pressures. In our experiments the pressure in the microvessel was ϳ5 cm H 2 O, as determined by balancing the interface between fluorescent and nonfluorescent solutions within the nonflowing channel of the pipette. This pressure range was chosen to minimize convectively coupled solute flux ͓12͔. Dye solution with FITC-␣-lactalbumin and BSA were kept chilled until just prior to use and were discarded at day's end. The pH of all solutions was adjusted to 7.4 at 23°C.
Microscope and Confocal Attachment. The method to collect fluorescence images and measure microvessel permeability ͑P͒ to FITC-␣-lactalbumin using quantitative fluorescence laserscanning confocal microscopy is as follows ͓8͔. A Nikon Diaphot inverted fluorescence microscope was used to observe the tissue. A 10ϫ, 0.3 N.A lens was used for initial positioning and cannulation of the microvessel. The experimental recording was done with a 40ϫ, 1.3 N.A. oil immersion lens ͑Fluor, Nikon͒ that was swung into position after aligning the tissue. There were three micromanipulators that held glass-restraining rods. The rods were positioned near the microvessel to pin the tissue gently down on the glass coverslip. This arrangement was necessary to minimize movement during image collection. The micromanipulators and the frog tray stood on a steel stage that could be moved in the horizontal x -y plane. Final tissue positioning was accomplished by moving the stage to bring the microvessel into the center of the field. During the initial setup, the tissue was observed with either transmitted white light from a light pipe held suspended above the preparation or it was observed in fluorescence using the mercury lamp and appropriate filter set for fluorescein. The microscope was fitted with a laser-scanning confocal system ͑BioRad MRC 600 equipped with a krypton-argon laser͒ attached to the side port and with a stepping motor to drive the lens vertically. The confocal system was controlled using the SOM software ͑BioRad͒ running on a 486 computer.
Image Collection and Correction. Fluorescence images were created using 488 nm excitation light ͑filter 488 DF10͒ from the laser with the filter set designed for fluorescein dyes ͑BioRad BHS͒. The set consisted of a dichroic mirror ͑DR 510LP͒ reflecting from 470 to 510 nm and transmitting wavelengths above 510 nm, and a barrier filter ͑CG515͒ that passed emitted light above 515 nm to the photomultiplier tube. For collecting images during experiments, we maintained a constant set of parameters, including black level, confocal aperture, scan speed, and direct ͑nonaveraged͒ image collection. But, we used two gain settings for two reasons. One is that ␣-lactalbumin crossed the microvessel wall more slowly than the small solute sodium fluorescein. During the time course for the P measurement, the accumulation of the FITC-␣-lactalbumin in the surrounding tissue is much less than that of sodium fluorescein. Another reason is the limitation of the dynamic range of our confocal system ͑8-bit͒, which can only distinguish 256 gray levels. While the low fluorescence intensity outside the vessel could be detected at one gain setting, the high fluorescence intensity, which always occurred in the vessel lumen, would be saturated. On the other hand, at the correct gain for unsaturated fluorescence intensity in the lumen, the outside intensity would be below the detectable range. We therefore used two gain settings in our experiments. Under an initial high gain, we obtained detailed tissue fluorescence profiles around the microvessel at the expense of saturating lumen intensity. Then, at the end of image collection, we switched to a lower gain to determine the fluorescence intensity in the lumen, which was not saturated, usually between 190 and 240 on the 8-bit scale. The black level was between 5 and 15, which was the same for both low and high gains. The value for the corresponding lumen intensity under the high gain setting was obtained by multiplying a scaling factor ͑F͒ with the measured value under the low gain setting. This scaling factor F was calculated by averaging the ratios of intensity in several corresponding regions in two consecutive images; one was collected under high gain, the other under low gain. We calculate in the latter section that under our experimental settings, F Ϸ 7.0.
For all in vivo experiments and calibrations reported in this paper, we used a 1% transmission neutral density filter in the excitation beam in order to minimize potential tissue damage and bleaching of the fluorophore. We checked the photobleaching of 2 mg/ ml FITC-␣-lactalbumin under our experimental settings and found there were no detectable decreases in fluorescence intensity after ϳ3 min continuous exposure to the laser. Two mg/ml was the concentration we used in the experiments and 1 min was the typical time for the permeability measurement and the determination of the tissue diffusion coefficient of FITC-␣-lactalbumin.
After correctly positioning the vessel and collecting one or two control images with clear washout solution, the pressure in the dye side of the pipette was elevated to initiate perfusion with fluorescein labeled ␣-lactalbumin. Images composed of 70 line scans with 1 m steps between lines were collected from the plane transverse to the vessel centerline ͑Fig. 2͒. The images formed of 768ϫ 70 pixels represented a sample space of 232 ϫ 70 m, yielding a pixel size of 0.302ϫ 1 m. Calibration showed that with our machine settings and the laser wavelength, the lens resolution ͑width of half-maximal intensity of point spread function͒ was about 0.3 m in the x -y plane ͑horizontal͒ and 1 m in the z dimension. Using this collection scheme, images were saved every 12-13 s. The 70 m height of the images was greater than the usual tissue thickness of 15-50 m in order to compensate for inexact positioning of the lens before the start of the experiment. The image collection during permeability experiments was automated using commands written in the SOM macro language in order to standardize the timing.
Images were corrected in the following way ͓8͔. First, the intensity of the black level was subtracted from all images in a series. The black level was usually set to between 5 and 15 to ensure that all intensities were above zero, but it was kept as low as possible to minimize the loss of dynamic range due to the correction. Second, due to the mismatch of refractive index of tissue ͑ϳ1.38͒ with oil/glass ͑ϳ1.55͒, objects in the tissue appeared elongated in the z dimension. A correction was necessary to provide accurate geometric data needed for the calculation. Adamson et al. ͓8͔ found that this mismatch would cause an apparent elongation in aqueous samples such that the true depth was 0.85 times the apparent Ringer depth. Therefore, all experimental images of tissue and aqueous samples were scaled in the z dimension to reduce the apparent height by multiplying by 0.85. One corrected image at 13 s after dye perfusion is shown in Fig. 2͑c͒ . The mismatch between the refractive index of the tissue and the oil/glass also caused an attenuation of the fluorescence intensity with increased depth in the tissue ͓17͔. The use of the Fluor lens which was not flat-field corrected and any slight misalignment of the laser optics also resulted in nonuniform illumination intensity in the x -y plane. By using a normalization procedure, Adamson et al. ͓8͔ corrected both artifacts coming from fluorescence intensity attenuation in the z dimension and from shading irregularities in x. We used the same method in correcting images for these artifacts in one of our experiments and found out that the difference was only 6% between P to FITC-␣-lactalbumin calculated from uncorrected images and from corrected images. Thus, we did not correct the latter two artifacts in our results reported in the current study.
Results
Permeability P to ␣-lactalbumin. P to FITC-␣-lactalbumin was calculated as follows ͓8͔. With the assumption that fluorescence intensity, I, recorded from any region was proportional to the number of solute molecules in the region, the solute permeability P was expressed as
Here, I 0 is the lumen fluorescence intensity when the fluorescent solutes completely filled the microvessel lumen. The luminal fluorescence remained constant during dye perfusion. ͑dI / dt͒ 0 is the initial rate of increase in fluorescence intensity after solute filled the lumen and began to accumulate in the surrounding tissue; r c is the corrected equivalent vessel radius; r c = 1.85A lumen / p ca , was corrected for the elongation of images in the z dimension due to mismatch of refractive index at the oil/glass-aqueous phase interface ͓8͔. A lumen / p ca is the ratio of luminal cross-sectional area to perimeter, which was directly measured using the confocal images in the present study. Values of A lumen / p ca and r c are shown in Table 1 . For each image of a series collected under the high gain setting, we summed the intensities over all the pixels in the tissue, excluding the perfused vessel. The tissue sample was typically ϳ200 m on one side of the vessel axis ͓see Figs. 2͑b͒ and 2͑c͔͒, by the full thickness of the mesentery H ͑ϳ25 m͒, by the width of a single x -z image ͑ϳ0.3 m͒. When plotted against the time of image collection ͑see Fig. 3͒ , the initial linear slope of the relation gave the half value of ͑dI / dt͒ 0 under the symmetric assumption that the tissue geometry and solute transport properties were the same on both sides of the vessel. The summed intensity within the lumen from the images collected under the low gain setting was measured to give pseudolumen intensity. This pseudolumen intensity, multiplied by a scaling factor F Ϸ 7.0 described in the former and latter sections, gave the real lumen fluorescence intensity I 0 in Eq. ͑1͒. The P calculated from Fig. 3 
Here, x t is the coordinate in the tissue with origin at the edge of the vessel wall, r, the vessel radius, H, the average thickness of the tissue ͓Fig. 2͑b͔͒, and P, the micovessel permeability, determined in the former section; erfc is the complementary error function. At the edge of the vessel wall in the tissue space ͑x t =0͒, the concentration C a ͑t͒ is
The tissue concentration obtained using confocal microscopy, which is proportional to the fluorescence intensity, is the apparent concentration ͑represented by C t a ͒ based on the total volume of the mixture of tissue aqueous components and solid components such as cells, glycosaminoglycans, and collagen fibrils. This apparent concentration C t a is equal to t C t . t is the partition coefficient to ␣-lactalbumin in the tissue space relative to the bulk solution in the lumen ͑the ratio of the interstitial to the bulk concentration at equilibrium͒. For the same reason, the apparent concentration at vessel wall C a a = t C a . However, C t a / C a a = t C t / ͑ t C a ͒ = C t / C a , from Eqs. ͑2͒ and ͑3͒, and we have
͑4͒
Using quantitative fluorescence confocal microscopy, we can obtain time-varying apparent FITC-␣-lactalbumin concentration profiles in the tissue space C t a ͑x t , t͒ and the apparent vessel wall con- Here, A and P are the vessel luminal cross-sectional area and perimeter, respectively; r c is the corrected equivalent vessel radius by taking into consideration the elongation of images in the z dimension due to mismatch of refractive index at the glass-aqueous phase interface. H is the surrounding tissue thickness averaged over the distance from the edge of the vessel to ϳ200 m away from the vessel. Values are given as permeabilityϫ 10 −6 cm/ s.
centrations C a a ͑t͒. Figure 4 shows the experimental data for C t a ͑x t , t͒ at each time. These values were averaged over three measurements parallel along the centerline of the tissue x -z section transverse to microvessel ͑Fig. 2͒ to reduce variations due to electrical noise and local differences in tissue properties. We first determine the microvessel permeability P from Eq. ͑1͒ using the method in the former section and also the vessel radius r and tissue thickness H from the images ͓Fig. 2͑c͔͒. Then, the only unknown in Eq. ͑4͒, D t ͓in = ͑r / H ͱ D t ͒P͔, the effective tissue diffusion coefficient of ␣-lactalbumin, can be determined by curve fitting the experimental results using Eq. ͑4͒ ͑smooth curves in Fig. 4͒ . The best-fitting curves in Fig. 4 are those when D t / D free ͑at 20°C͒ = 0.35. The error of using this method in the estimation of D t for individual experiments will be determined in the Discussion section ͓Fig. 8͑b͔͒.
Effective interstitial diffusion coefficients of ␣-lactalbumin ͑D t ͒ as a ratio to its free diffusion coefficient ͑D free ͒ in aqueous solution at 20°C for six frog mesenteries are summarized in Table 2 . D free = 1.07ϫ 10 −6 cm 2 / s. These ratios ranged from 0.2 to 0.35, with a mean of 0.27± 0.05 ͑SD͒.
Calibration of Linear Range and Determination of the Scaling Factor F under Different Gain Settings.
The primary assumption in determination of P and D t using fluorescently dyed solutes is that the fluorescence intensity I is a linear function of the number of solute molecules in the measuring field. We tested this assumption using a simple chamber constructed from coverslips ͓8͔. Briefly, a large 24ϫ 50 mm coverslip formed the base of the chamber. Two small 22 mm 2 coverslips were laid on top of it about 1 cm apart, and a third small coverslip was placed on top of those to form a chamber about 170 m deep. Solutions of FITC-␣-lactalbumin were applied to the edge of the opening and the chamber filled by capillarity. A new chamber was made for each concentration. A fluorescence image was collected from each concentration, using the same instrument settings as were used for the permeability experiments. The fluorescence intensity was measured in a rectangular box on the image, which began at the coverslip, extended 65 m deep into the solution, and was the full 232 m width of the recorded image. The fluorescence intensity was plotted as a function of the solute concentration in Fig. 5 under two gain settings in our experiments. Figure 5 shows that the relationship between the concentration and the fluorescence intensity was linear over the concentration ranging from 0.1 to 3 mg/ ml under the low gain setting ͑gain= 3.6͒, and from 0.005 to 0.5 mg/ ml under the high gain setting ͑gain= 5.0͒. The low gain of 3.6 and the high gain of 5.0 are the averaged values used in our experiments, respectively. When the concentration is over ϳ0.7 mg/ ml, the corresponding intensity will be beyond the dynamic range of our system under the high gain setting. The concentration of 2 mg/ ml was used in our experiments. If we imagine that our confocal setting had a much larger dynamic range which could record the fluorescence intensity at a concentration Ͼ0.7 mg/ ml under the high gain without saturation, and this intensity was located on the extrapolation of the linear regression line for concentrations from 0.005 to 0.5 mg/ ml, the scaling factor F for converting the intensities of concentrations under the low gain to those under the high gain is estimated as F = tan͑ 1 + 2 ͒ / tan͑ 1 ͒. 1 and 2 are shown in Fig. 5 ; tan͑ 1 + 2 ͒ and tan͑ 1 ͒ are the slopes of the regression lines under the high and low gains, respectively. In our current settings, F Ϸ 7.0 for the high gain of 5 and low gain of 3.6.
Test of Solute Loss through the Mesothelial Surface.
Previous studies have assumed negligible loss through mesothelial surface. Adamson et al. ͓8͔ tested this assumption for small test solute sodium fluorescein by superfusion with mineral oil. We used the same method to test this assumption for larger solute FITC-␣-lactalbumin. In each of two experiments, we first measured permeability and tissue diffusion coefficient with Ringer as the superfusate, and then measured a second time with mineral oil on the surface of the mesentery. We compared the initial rate of tissue accumulation of FITC-␣-lactalbumin during Ringer superfusion with that measured during mineral oil superfusion and found no difference in each of two vessels. Nor did we find any consistent vertical gradients in the tissues that might have revealed escape of solute to the superfusate. The data taken from one experiment ͑Fig. 6͒ illustrate that the initial rate of accumulation within 2 min was not very different between the two superfusion conditions. Table 2 shows that the permeability under oil superfusion was slightly higher than that under Ringer superfusion by ϳ5%. There was no detectable difference in tissue diffusion coefficients between these two conditions. The fact that the permeability did not increase after the initial measurements of permeability is also evidence that the laser illumination does not damage or otherwise alter permeability of the vessel wall under investigation.
Another more direct method to test the assumption that the mesothelial layer is highly impermeable to FITC-␣-lactalbumin was to measure the buildup in tissue concentration by superfusion of 2 mg/ ml FITC-␣-lactalbumin on the mesentery surface with minor tissue surface damage on one side of the vessel and no damage on the other side. Briefly, the gut was gently pinned against a silicon elastomer barrier to maintain the spread of the mesentery and form a reservoir. About 150 m perpendicularly distant from a microvessel, a minor tissue surface damage was generated by rubbing the surface with the rounded tip of a glassrestraining rod. The image of the mesentery cross section under FITC-␣-lactalbumin superfusion was collected in the same way as for that under FITC-␣-lactalbumin perfusion into the microvessel. Figure 7 illustrates the fluorescence intensity recorded along a horizontal centerline of the image. The fluorescence intensity is expressed as the ratio to the intensity of the superfusion solution.
On the left-hand side space of the vessel with damaged mesothelium, solutes entered from the damage site and rapidly accumulated in the interstitium, while on the right-hand side space with no damage, the solute accumulation was much slower and this accumulation seemed to come from the left-hand side, not from the mesothelial surface. This provided strong evidence for the assumption that the mesothelium of the mesentery is highly impermeable to solutes having the size of ␣-lactalbumin.
Discussion
Evaluation of Methods. There are several possible sources of errors in our experiments. First, in Eq. ͑1͒ for determining microvessel permeability P, the lumen fluorescence intensity I 0 was calculated by the measured value under the low gain setting multiplied by a scaling factor F, while the initial rate of increase in tissue fluorescence intensity ͑dI / dt͒ 0 was calculated using the values under the high gain setting. Using two gain settings in the experiments was to compensate for the limitation of our recording equipment, specifically, the dynamic range. The high gain setting enabled us to record the detailed information of fluorescein-dyed tracer concentration profiles in the tissue at the expense of saturating the fluorescence intensity in the microvessel lumen. The low gain setting gave us unsaturated value for the lumen fluorescence intensity at the expense of reducing the recording sensitivity for the tissue fluorescence intensity. The scaling factor F for the conversion between two gain settings was calculated as the ratio of the slopes of the curves describing the relationship between the solute concentrations and the fluorescence intensities under two gain settings ͑Fig. 5͒. This conversion is based on the assumption that under the high gain, the fluorescence intensity corresponding to the higher concentration ͑Ͼ ϳ 0.7 mg/ ml but Ͻ ϳ 3.0 mg/ ml͒ would fall in the linear range of those corresponding to the lower concentrations. The error from the estimation of the scaling factor F would cause an error in calculating I 0 and further in P. However, since the lumen concentration term was canceled out in Eq. ͑4͒, the determination of the tissue effective diffusion coefficient D t will not be directly affected by the error appearing in F.
Second, during the dye perfusion, the buildup in the fluorescence intensity just outside the microvessel ͑vessel wall concentration͒ would reduce the driving force for the solute flux from the lumen to the tissue. This would cause an underestimation in the permeability P by using Eq. ͑1͒ because Eq. ͑1͒ was derived under the assumption that tissue concentration at the wall is low and can be neglected when compared to lumen concentration. Our results for ␣-lactalbumin showed that in about 60 s ͑or shorter time͒ over which P was determined, the fluorescence intensity at the microvessel wall rose to an average of 7.9% ͑ranging from 3.9% to 14.1% in six vessels͒ of the luminal intensity value. Since there are no data for the available volume fraction in mesentery for ␣-lactalbumin, we estimated it as ϳ0.85, the value close to Wharton's jelly ͑ϳ0.83͒ based on similar hydraulic conductivity in these tissues ͓19͔. The concentration in terms of the available volume approached 9.3% of the bulk concentration in the lumen. This value of the concentration immediately outside the vessel wall would only induce an underestimation in P of less than 10%. Underestimation of the permeability P would also affect the determination of D t ͓Eqs. ͑2͒-͑4͔͒. Figure 8͑a͒ evaluates this effect.
The overlapping of the line of P = 2.3ϫ 10 −6 cm/ s and that of corrected P c = 1.1P indicates that the influence on D t from the error in measuring P is negligible in our measurements.
Third, solute loss from the tissue to the superfusate would cause errors in measuring P and affect D t . One method used in this study indicated that there was a small difference ͑ϳ5%͒ in P and no difference in D t between the results when the mesentery was superfused by Ringer and when the mesentery was covered by mineral oil ͑Fig. 6, Table 2͒ . Another method showed that fluorescein-dyed tracers from the superfusate entered into tissue space quickly through the site with damaged surface mesothelium but hardly penetrated the surface without damage during the time course in our experiments ͑Fig. 7͒. These results demonstrate that the mesothelium layer of the frog mesentery is highly resistant to FITC-␣-lactalbumin, and the solute loss to the superfusate can be neglected in determining P and D t .
Fourth, a one-dimensional time-dependent diffusion was assumed for tracer transport in the interstitial space surrounding the perfused microvessel. According to the numerical solution in ͑4͒ for the diffusion from a straight, infinitely long cylindrical source in an infinite slab, in the time period of our measurements ͑greater than 10 s͒, the two-dimensional effect ͑curvature͒ at x -z plane in solute diffusion was estimated to exist within the region of ϳ15 m from the edge of the vessel in the x direction ͓see Fig.  2͑c͔͒ . Neglecting the 2D effect indeed would sacrifice the detailed tracer distribution profiles surrounding the vessel. However it greatly simplifies the problem mathematically and would only cause a minor error in tissue effective diffusion coefficient D t , which was determined from the distribution profiles over a distance of 150-200 m from the edge of the vessel.
Fifth, as discussed in Ref.
͓12͔, under our perfusion pressure ϳ5 cm H 2 O, the convection due to water flow would induce less than 4% overestimation in permeability P. In addition, the Peclet number for ␣-lactalbumin in the tissue space was ϳ5 ϫ 10 −3 ͑see the preceding section͒. Thus, in the calculation of tissue effective diffusion coefficient D t , we also neglected the convection in the interstitium.
Comparison of Current and Previous
Results for Permeability P. P ␣-lactalbumin , measured in this study by using laser scanning confocal microscopy, ranges from 1.0 to 2.7ϫ 10 −6 cm/ s, with a mean of 1.7± 0.7 ͑SD͒ ϫ 10 −6 cm/ s. This mean value is slightly smaller than 2.1ϫ 10 −6 cm/ s ͓11,13͔ but significantly less than 2.9ϫ 10 −6 cm/ s ͓12͔, both of which were measured using quantitative fluorescence photometry. One possible source of discrepancy is that in the confocal measurement there is no assumption for specific geometry of spherical cylinder-like vessels, in which A lumen / p ca ͓Eq. ͑1͔͒ is equal to r / 2; where r is the vessel radius. In quantitative fluorescence photometry, r was measured as the horizontal value of the vessel radius. As shown in Table 1 , direct measurements from the reconstructed images for axial ratios ͑vertical axis over horizontal͒ range from 0.77 to 0.98 in six vessels, with a mean of 0.86. Therefore, using the horizontal value of the vessel radius may overestimate P by 1 / 0.86= 1.16. Another possible source of discrepancy is from the errors in estimation of the scaling factor F that will affect the determination of lumen intensity I 0 in Eq. ͑1͒.
Influence of Permeability P on Tissue Diffusion Coefficient D t . As explained above, the P measured using confocal microscopy might underestimate the real permeability to FITC-␣-lactalbumin due to the time-dependent tracer filling of the extravascular space. This underestimation of P would affect the determination of D t ͓see Eqs. ͑2͒ and ͑4͔͒. The effect of the underestimation of P on the determination of D t for one experiment at time= 52 s is shown in Fig. 8͑a͒ , in which the permeability is corrected as P c ͑corrected permeability͒ = 1.1P ͑the measured permeability͒. There is no visible difference in D t between P and 1.1P ͑the long-dashed line overlaps with the short-dashed line͒.
Microvessel permeability may be increased under certain physiological and pathological conditions. In Fig. 8͑a͒ , we also demonstrate the influence of increased P that is as large as 10 times the normal P on tissue diffusion coefficient. The fact that the difference between the long-dashed line ͑normal P͒ and the dash-dotdash line ͑10 times normal P͒ is small indicates that determination of D t using the current method ͓Eq. ͑4͒ without convection͔ is not very much dependent on P. In words, the tissue diffusion coefficient can be independent of microvessel permeability. The tissue with high diffusion coefficient may have low microvessel permeability, and vice versa. When solute permeability P is increased to 10 times its normal value, the hydraulic conductivity L p may also be increased. If L p is increased to 10 times its normal value, Eq. ͑4͒ is still valid because the Peclet number in the tissue is around 0.05. However, if L p is increased to 100 times its normal value or under the condition of high perfusion pressure, we need to consider the convection contribution and can no longer use Eq. ͑4͒ to determine D t . Fig. 8͑b͒ . Figure 8͑b͒ shows a typical experimental measurement obtained at 52 s and results from Eq. ͑4͒ for three values of D t / D free . The experimental data fall within an envelope that is formed by curves with theoretical values of D t that are 57% and 143% of our best estimate for the interstitial D t . Therefore, the maximum relative error in the estimation of tissue diffusion coefficient D t using Eq. ͑4͒ is 43% for this run. , 5.6, is about 1 / 5 of the ratio of the microvessel permeability P sodium fluorescein ͑5.0 ϫ 10 −5 cm/ s, ͓8͔͒ to P FITC-␣-lactalbumin ͑1.7ϫ 10 −6 cm/ s, current study͒. This result suggests that the structural components in the interendothelial cleft of the microvessel wall are more selective than those in the mesenteric interstitium. Once ␣-lactalbumin molecule crosses the microvessel wall, it can travel as easily as a small sodium fluorescein tracer in the interstitium compared to their transport in aqueous solutions. The structural components of the interendothelial cleft include plasma membranes composing the cleft wall, the surface glycocalyx of endothelial cells, and the tight junction strands inside the cleft. The structural elements of the interstitium are collagens, elastins, polysaccharides ͑e.g., hyaluronate, glycosaminoglycans͒, plasma proteins extravasated from the microvessel ͓19-23͔. The fibers in the glycocalyx at the endothelial surface appear to be more highly organized than those in the interstitium as a whole. The relatively low resistance to ␣-lactalbumin in the interstitium observed in this study justifies our previous assumption that most resistance for the transport of intermediate and high molecular weight molecules in the microcirculation bed is within the microvessel wall ͓24,25͔, though comparable resistance exists for small solutes in the interstitium. However, it could be possible that during measurement, tissue hydration could be greater than normal. This tissue hydration would decrease the selectivity of the interstitial structural elements and would tend to increase the measured effective tissue diffusion coefficients for the larger tracers. We checked the degree of tissue hydration by measuring the change in frog mesentery thickness using confocal microscopy during continuous superfusion of frog Ringer. We did not find a detectable increase in the mesentery thickness after 15 min Ringer superfusion. However, it is not impossible that the interstitial structure might have already changed at the time when the mesentery was exposed to the external environment.
Error in Estimation of
In summary, we developed a new approach to measure microvessel solute permeability and solute diffusion coefficient in the interstitium by using laser scanning confocal microscopy. It avoids the errors from the loss of tracers through tissue surface that would cause up to 100% overestimation in solute diffusion coefficient ͓26͔, from the inconstant tracer concentration by perfusion through intravenous injection, and from the nonuniformity of the tissue sample. All of these errors commonly exist among other methods. This new method was used to determine for the first time the tissue diffusion coefficient of ␣-lactalbumin in frog mesentery. Our results suggest that frog mesenteric interstitium is less selective to solutes than the microvessel wall. This provides an insight for developing drug delivery methods. For example, if we want to control the drug concentrations in the tissue, it is more important to control the microvessel permeability that determines how much drug goes to the tissue.
